INTRODUCTION
C-reactive protein (CRP) is an acute-phase reactant and a hallmark of systemic inflammation (1, 2) . Plasma levels of CRP acutely rise during inflammatory processes, and CRP is widely used as a blood marker of inflammation in medical treatment (2) . It is well known that CRP is a heritable trait and that genetic factors explain the variation in serum CRP levels along with environmental factors such as gender, smoking and obesity (3) . Several epidemiologic studies demonstrated that the serum concentration of CRP is associated with the risk of a variety of diseases (3, 4) . Although the causality of CRP on these diseases has not been established and is still being discussed (5 -7), investigation of the mechanisms of CRP regulation would have a substantial clinical impact.
Recent developments in genome-wide association studies (GWASs) have identified several genetic loci that affect serum CRP levels including those in CRP itself (6,8 -10) . However, only small fractions of the variations in CRP levels were explained (6) . Moreover, previous GWASs for CRP levels were performed in Caucasian populations, and the studies in Asian populations have not been assessed further. Ethnic differences in the distributions of CRP levels have been noted (11) (12) (13) . It is known that Asian populations, including a Japanese population, have lower CRP levels than * To whom correspondence should be addressed at: Laboratory for Statistical Analysis, Center for Genomic Medicine, RIKEN, 4-6-1 Shirokane-dai, Minato-ku, Tokyo 108-8639, Japan. Tel: +81 354495509; Fax: +81 354495564; Email: yokada@src.riken.jp Caucasian populations (11, 13) . These observations suggest the ethnically heterogeneous genetic backgrounds of CRP levels, and that GWAS for CRP levels in Asian population might lead to the identification of novel associated loci.
As CRP plays a substantial role in acute-phase inflammation responses and interacts with a variety of cytokines and immune cells (1, 2) , it would be of great interest whether the genetic loci associated with CRP levels are associated with hematological or biochemical traits. However, pleiotropic association analysis of CRP-associated loci had not been performed in previous GWASs (6, (8) (9) (10) .
We report herein a large-scale GWAS for CRP levels in 10 112 Japanese subjects enrolled in the BioBank Japan Project (14) . We also performed pleiotropic association analysis of the identified CRP-associated loci with hematological and biochemical traits by using 30 466 Japanese subjects.
RESULTS

Genome-wide association study
A GWAS for CRP levels was performed by genotyping .590 000 single nucleotide polymorphism (SNP) markers. We applied stringent quality control criteria, including principal component analysis (PCA) (15) evaluating potential population stratification, and obtained the genotype data of 10 112 Japanese subjects (Supplementary Material, Table S1 ) for 477 784 autosomal SNPs. To extend the genomic coverage, we then performed the whole-genome imputation of the SNPs, using HapMap Phase II genotype data of Japanese (JPT) and Han Chinese (CHB) individuals as references (16) . After the imputation, 2 178 018 autosomal SNPs that satisfied the criteria of minor allele frequency (MAF) ≥0.01 and imputation score [Rsq value by MACH software (17)] ≥0.7 were obtained. To account for the non-normal distribution of serum CRP levels and to make the results of the study robust, rank-based inverse normal transformation (18) was applied for the CRP levels. The associations of the SNPs and the transformed values of the CRP levels were evaluated using a linear regression model.
A quantile -quantile plot of P-values indicated no remarkable discrepancy from the null hypothesis [inflation factor (19) , l GC ¼ 1.039, Fig. 1 ]. We identified significant associations in three chromosomal loci (1q23, 7p15 and 12q24) that satisfied the genome-wide significance threshold of P , 5.0 × 10 28 ( Fig. 2A) . Among them, two loci had been reported in previous GWASs for CRP levels (6,8 -10) 
218 for rs3093059 in the CRP locus at 1q23 and P ¼ 3.7 × 10 29 for rs7310409 in the HNF1A locus at 12q24) (Table 1 ). In the 7p15 chromosomal region, our study newly identified a significant association of the SNP located in the promoter region of interleukin-6 (IL6) with CRP levels (P ¼ 1.6 × 10 29 for rs2097677; Table 1 and Fig. 2B ). According to PCA plots of the subjects, existence of sub-populations was suggested on eigenvector 1 and 2 (Supplementary Material, Fig. S1 ). However, no significant association with CRP levels was observed for any of the eigenvectors (a ¼ 0.05). The associations of the identified loci with CRP levels were significant when conditioned with the eigenvectors (P ¼ 4.1 × 10 217 , 1.8 × 10 29 and 3.8 × 10 29 for the CRP, IL6 and HNF1A loci, respectively). These results suggested that the effect of the potential population stratification would not be substantial in our GWAS for CRP levels. The associations in the previously reported CRP-associated loci are summarized in Table 2 . We observed the associations of the SNPs in the IL6R (6, 8) , CRP (6,8 -10), HNF1A (6,8 -10) and AOPE-CI-CII cluster (6, 8, 9) loci with the same directional effects (P , 0.01). A suggestive same directional effect was also observed in the GCKR locus (8) (P ¼ 0.035).
Replication study
To validate the associations identified in our GWAS for CRP levels, we performed a replication study with independent 2742 Japanese subjects (Supplementary Material, Table S1 ). The associations in the CRP locus and the IL6 locus were replicated (P ¼ 3.3 × 10 26 for rs3093059 and P ¼ 0.0040 for rs2097677), and the subsequent meta-analysis confirmed the associations in these two loci (P ¼ 3.5 × 10 221 for rs3093059 and P ¼ 4.1 × 10 211 for rs2097677). The association in the HNF1A locus was not replicated (P ¼ 0.30 for rs7310409) but indicated the same directional effect of the allele, and the result of the meta-analysis satisfied the genome-wide significance threshold (P ¼ 2.7 × 10
28
). The combinations of the SNPs in these newly identified or previously reported CRP-associated loci explained 1.4% of the variations of common-log transformed serum CRP levels in our study populations.
Pleiotropic association study for CRP-associated loci
Finally, we evaluated the pleiotropic association of the CRP-associated loci identified in our GWAS by using 30 466 Japanese subjects (Table 3 and Supplementary 28 . The lower part indicates RefSeq genes in the locus. The plot of (B) was drawn using SNAP version 2.1 (39).
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Material, Table S2 ). We evaluated the associations with eight hematological traits [white blood cell count (WBC), red blood cell count (RBC), hemoglobin (Hb), hematocrit (Ht), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) and platelet count (PLT)], three inflammation-related traits [erythrocyte sedimentation rate (ESR), ferritin and serum iron (Fe)] and three serum protein-related traits [serum total protein (TP), serum albumin (ALB) and serum globulin (GLB)]. The CRP-increasing allele (A allele) of rs2097677 in the IL6 locus was significantly associated with increased levels of WBC, PLT and GLB and decreased levels of MCH and MCHC (P , 5.0 × 10
24
). The allele also had suggestive associations with increased levels of Fe and decreased levels of Hb and Ht (P , 0.01). Contrary to rs2097677 in the IL6 locus, rs3093059 in the CRP locus and rs7310409 in the HNF1A locus did not have significant associations with the evaluated traits (a ¼ 0.01).
Since the existence of correlated traits could modulate the pattern of the pleiotropic associations of the locus, we evaluated the correlations between the traits enrolled in the study (Supplementary Material, Table S3 ). We observed moderate degrees of correlations (R 2 ≥ 0.1) between CRP and ESR, between WBC and PLT, among erythrocyte-related traits (RBC, Hb, Ht, MCV, MCH and MCHC), and among serum protein-related traits. ESR and ferritin also demonstrated wide ranges of moderate correlations with other traits. When the potential effects of the correlations between the traits were considered, 59, 0, 47, 0, 42 and 36% of the observed significant associations of the IL6 locus with CRP, WBC, PLT, MCH, MCHC and GLB were considered to be independent of the associations with the other traits, respectively.
DISCUSSION
Through the GWAS and replication study consisting of 12 854 Japanese subjects, our study identified novel significant associations of the IL6 locus with serum CRP levels. Pleiotropic associations of the variant in the IL6 locus with hematological The allele that increased serum CRP levels in the referenced study was denoted as allele 1. c Based on all of the subjects enrolled in the GWAS for CRP levels. and biochemical traits (WBC, MCH, MCHC, PLT and GLB) were also demonstrated. IL6 is a typical pleiotropic pro-inflammatory cytokine that regulates a variety of immune responses (20) . At the time of inflammation insult, IL6 promotes the production of acutephase reactants such as CRP or WBC. IL6 promotes B-cell maturation and immuno-globulin production, which increases the fraction of GLB. IL6 also induces the differentiation of megakaryocytes, which produce platelets (21) . Excess hepcidin induced by IL6 causes functional iron deficiency and results in anemia (22) , as symbolized by the decreased levels of MCH and MCHC. Therefore, our finding that the variant in the promoter region of IL6 had pleiotropic associations, including with CRP levels, is plausible from biological aspects. As for genetic loci associated with erythrocyte-related traits, Ganesh et al. (23) reported several classification patterns of the pleiotropic associations considering the correlations among the traits. Interestingly, the associations observed in our study population (associated with MCH and MCHC but not associated with RBC) seemed to be not entirely compatible with the reported patterns, which motivate further accumulation of the studies.
IL6 has been recognized as an essential mediator in the pathology of inflammatory diseases such as rheumatoid arthritis and Crohn's disease (24) . Inhibition of IL6 is a promising strategy in the treatment of the inflammatory diseases, and the clinical benefits of humanized anti-IL6 receptor antibody have been revealed (25) . Although several functional variants located 0.5 kb upstream of IL6 had been investigated, their effects on CRP levels or other phenotypes had not been established with substantial evidence (26) (27) (28) (29) . Most of these variants were known to be monomorphic in Asian populations, and in fact, we did not observe significant associations with CRP levels in these variants in our GWAS (a ¼ 0.05; Table 4 ). These results suggested that the variant in the IL6 locus identified in our GWAS, rs2097677, would be a promising target variant when considering the functional etiology of IL6 in disease pathogenesis or the pharmacogenomics of anti-IL6 therapy.
Interestingly, pleiotropic associations were not observed in the HNF1A and CRP loci, although their effect sizes on CRP levels were as strong as or even stronger than that in the IL6 locus. Binding of HNF-1a to promoter regions of CRP is involved in the regulation of CRP synthesis in the liver (30) . Compared with the pivotal role of IL6, HNF-1a and CRP are specifically involved in downstream events of the synthesis pathway of serum CRP, which would not permit pleiotropic associations with the HNF1A and CRP loci. Previous studies on the CRP-associated loci evaluated the causality of CRP itself based on the Mendelian randomization concept (5, 6) , assuming the homogeneous contributions of the CRP-associated loci via elevated serum CRP levels. However, our study highlighted the necessity of accounting for heterogeneous contributions on the phenotypes among CRP-associated loci. As for the HNF1A locus, the association in the replication study was not significant (a ¼ 0.05), and its confidence interval of the effect size was not overlap the effect size in the GWAS. Although no significant heterogeneity of the effect was demonstrated when stratified with gender, smoking status or disease groups (a ¼ 0.05 for P-values of Cochran's Q statistics), further evaluations of the HNF1A locus considering gene -gene or gene -environment interactions would be important.
Ethnically different genetic background of CRP is a topic to be investigated since the IL6 locus has not been detected in previous GWASs for serum CRP levels in Caucasian populations (6,8 -10) . As well as serum CRP levels, several epidemiological studies have reported the ethnically different distributions of the hematological and biochemical traits enrolled in this study (31) (32) (33) . It is known that Japanese populations have, on average, lower levels of Hb and Ht (33) . Thus, assessment of whether the pleiotropic associations of the IL6 locus are observed in other populations would provide useful insight into the etiology and the ethnic heterogeneity of the traits.
In summary, our study demonstrated that the variant in the IL6 locus was significantly associated with serum CRP levels. Pleiotropic associations of the IL6 locus with hematological and biochemical traits were also identified. Our study should contribute to our understanding of the etiology of CRP and inflammatory pathway regulations.
MATERIALS AND METHODS
Subjects
The subjects enrolled in the GWAS and the replication study for CRP levels consisted of 12 854 Japanese patients in 15 disease groups (Supplementary Material, Table S1 ). The subjects enrolled in the pleiotropic association study for hematological and biochemical traits consisted of 30 466 Japanese Table S2 ). All subjects were collected under the support of BioBank Japan Project (http://biobankjp.org) (14) . The subjects who were determined to be of non-Japanese origin by self-report or by PCA in the process of the GWAS or our previous studies (34) (35) (36) were not included. All participants provided written informed consent as approved by the ethical committees of the BioBank Japan Project (14) and the University of Tokyo. Clinical information of the subjects including age (mean + SD; 64.3 + 10.8), gender (32.2% for female), smoking history (63.0% for ever-smoker) and BMI (23.1 + 3.6) were collected by self-report on the questionnaire. The laboratory data including the serum CRP levels measured using high-sensitivity assays [mean + SD of common logtransformed CRP levels (mg/dl); 20.612 + 0.595] and other hematological and biochemical traits (Supplementary Material, Table S2 ) were collected from medical records.
Genotyping and quality control
In the GWAS, 592 232 SNPs were genotyped using the Illumina HumanHap610-Quad Genotyping BeadChip (Illumina, CA, USA). In the process of genotyping, subjects with call rates ,0.98 were excluded. Then, SNPs with call rates ,0.99 or with ambiguous clustering of the intensity plots, or non-autosomal SNPs, were excluded. We excluded closely related subjects by using identity-by-descent (IBD). We calculatedp, a genome-wide estimate of IBD, for each pair of subjects by using the '-genome' option implemented in PLINK version 1.06 (37) . For each pair withp . 0.4, we excluded the member of the pair with lower call rates. We also excluded subjects whose ancestries were estimated to be distinct from the other subjects, using PCA performed by EIGENSTRAT version 2.0 (15). We performed PCA for the genotype data of our study along with the genotype data of 60 unrelated European (CEU), 60 unrelated African (YRU) and 89 unrelated East-Asian (44 Japanese and 45 Han Chinese; JPT + CHB) individuals obtained from the Phase II HapMap database (release 24) (16) . Based on the PCA plot of the subjects that separated the subjects into three clusters as previously anticipated in the Japanese population (38), we visually identified and excluded the outliers in terms of ancestry from JPT + CHB clusters. We excluded the SNPs with MAF , 0.01 or the SNPs with exact P-value of the Hardy -Weinberg equilibrium test ,1.0 × 10 27 . Finally, 477 784 SNPs for 10 112 subjects were obtained. PCA was performed again using only the subjects enrolled in the GWAS to obtain eigenvectors used in the following analysis.
Imputation of genotypes was performed using MACH 1.0 (17) . The genotype data of JPT and CHB individuals obtained from Phase II HapMap database (release 24) (16) were used as references. In the first step of the imputation, recombination and error rate maps were estimated using 500 subjects randomly selected from the GWAS data. In the second step, imputation of the genotypes of all subjects was performed using the rate maps estimated in the first step. The imputed SNPs with MAF , 0.01 or Rsq values ,0.7 were excluded.
In the replication and pleiotropic association studies, we obtained the genotype data of the most significantly associated SNPs in the GWAS from genome-wide screening data of the BioBank Japan Project (14) (Supplementary Material, Tables S1 and S2). The genotyping was performed using the Illumina HumanHap610-Quad Genotyping BeadChip or Illumina HumanHap550v3 Genotyping BeadChip (Illumina, CA, USA), and the same quality control criteria and imputation procedure were applied.
Statistical analysis
Rank-based inverse normal transformation (18) was applied to the serum CRP levels of the subjects. The transformed values were adjusted for gender, age, smoking history, body mass index (BMI) and the affection statuses of the diseases by using linear regression with R statistical software (http://cra n.r-project.org). Associations of the SNPs with CRP levels were assessed by linear regression, assuming the additive effects of the allele dosages (bound between 0.0 and 2.0) on the residuals by using mach2qtl software (17) . Conditional associations of the SNPs with CRP levels were assessed by additionally incorporating the top 10 eigenvectors into the covariates. Associations of the top 10 eigenvectors with adjusted CRP levels were assessed by multivariate linear regression. For the SNPs that satisfied the genome-wide significance threshold of P , 5.0 × 10
28
, their associations with CRP levels in the replication subjects and other hematological and biochemical traits were evaluated in the same manner. Transformation methods for the hematological and biochemical traits are summarized in Supplementary Material, Table S2 . Correlation between each pair of the transformed values of the traits was evaluated using correlation coefficient, r, and coefficient of determination, R
2
. Meta-analysis of the results of the GWAS and the replication study were performed using an inverse-variance method from the summary statistics b and the standard error. We assessed six SNPs that indicated significant associations in our GWAS or in the replication study for previously reported loci (IL6R, CRP, GCKR, IL6, HNF1A and APOE-CI-CII cluster loci) in the analysis for the combined effects of the CRP-associated loci. Explained variances of common-log transformed CRP levels by the SNP(s) were estimated based on the differences of the multivariate linear regression model including the SNP(s), age, gender, smoking status and BMI as covariates, and the model including the covariates other than the SNP(s). For the evaluation of the proportions of the pleiotropic associations of the IL6 locus independent of the other traits, the traits that demonstrated significant associations at the landmark SNP in the IL6 locus (P , 5.0 × 10 24 at rs2097677) and the subjects who was available with all of these traits were selected. The proportion was estimated as the fraction of the explained variance of each of the transformed traits by rs2097677 in the multivariate linear regression model including the other selected traits, age, gender, smoking status and BMI as covariates to that in the model including the covariates other than the selected traits. When the explained variance by rs2097677 in the former model was negative, the proportion was denoted as 0%.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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